Drilling and intervention risers are widely used for oil and gas production in deep as well as shallow waters in oil fields around the world for subsea operations. The risers come in a diverse array of configurations, some of which may be challenged by fatigue if operated in high currents or seastates. The suitability of the selected riser and the operating limits are assessed by conducting strength and fatigue analysis based on design codes such as API RP 2RD, [7] , API RP 16Q, [9] , and API RP 17G, [10] .
INTRODUCTION
Risers are pipes connecting a floating platform and the wellhead/conductor system at the seabed and serve as fluid conduits. Some risers are permanently installed and used for production operations. Others are installed temporarily for drilling, completion or intervention operations. It is these temporary installations that are the subject of this paper.
Risers are fatigue critical structures where failure is unacceptable because it can mean loss of well control. Fatigue loading can come from a number of sources including vessel motions, VIV and drilling induced vibration. Riser fatigue design involves a number of assumptions about the future usage and environmental conditions as well as understanding of any previously accumulated fatigue damage. The safety factors applied should reflect the level of uncertainty in both the loading and the fatigue capacity of the structure.
Some of the challenges for riser analysis include:
 Non-linear riser dynamic response;  Excitation at a resonance (including BOP stack, heavy surface equipment in completion and intervention risers);  Connections to wellheads and trees which may not have been designed with consideration of fatigue; and,  Soil properties that must be considered in terms of their upper and lower bound properties.
For a production riser designed to be in service for 20 years, the fatigue problem is relatively simple. The location is known. The configuration is known. The long-term metocean Proceedings of the ASME 2015 34th International Conference on Ocean, Offshore and Arctic Engineering OMAE2015 May 31-June 5, 2015, St. John's, Newfoundland, Canada data for wind, wave and current are known. The vessel response is known. The soil properties are known.
When a drilling riser is designed and deployed from a MODU, the service environment is known only in a general way and the fatigue damage will accumulate deployment by deployment. While these riser systems can be designed to be generally fatigue tolerant, the various ways it can be used make it impossible for a manufacturer to guarantee fatigue life. Many of the parameters that affect the fatigue performance will change each time. They are susceptible to changes in magnitude and direction of current and wave loadings. Even the deployment location around the globe may change. It is the responsibility of the operator to ensure that these temporarily installed systems are employed in such a way that excessive fatigue damage does not accumulate between inspections.
Purpose built drilling riser components are generally designed well enough that no single deployment will cause fatigue failure. However, there is always the risk that a long series of deployments in severe conditions may push the riser past its limits. Therefore the assessment of a riser for an upcoming deployment should take into account previous history. Also, many riser deployments may involve attaching to a wellhead or tree that was not designed for fatigue. While the drilling contractor may wish to disavow responsibility for those components, ultimately he is applying the loads to the component and if it fails, there will be consequences. Therefore in drilling and intervention operations the effect of the operation on the wellhead and tree must be considered.
Guidance for riser system design and operation is provided by API RP 2RD, [7] , API RP 16Q, [9] , and API RP 17G, [10] . These design codes provide clear requirements for strength assessment during short-term operations, as given in Table 1 , but are not particularly useful in terms of short-term fatigue loading considerations. 
<3 days Most probably maximum
Even when there is good certainty on long-term metocean data, for any given short-term drilling deployment, the potential variability is high. In other words for a given week the weather can be anything from a calm seas to a severe storm. It is not safe to assume an average seastate, the plan must account for possibility of extreme weather. The question is: What level of severity must be considered. Likewise over time we will see wind and waves from a range of directions. But in a single short deployment the wind and wave could very consistently originate from a single direction. It would be under conservative to assume fatigue damage was not concentrated by direction in the short-term.
The effect of the uncertainty of environmental loading and directionality of the loading on subsea wellhead systems subjected to loading due to temporary riser systems based on a deterministic SRA approach was explored in detail by Hørte et al, [3] . This work expanded on previous work by Hørte et al, [4] , Hørte et al, [5] , and Reinås et al, [6] . A design fatigue factor was included in these approaches to provide additional margin of safety to include design uncertainty. Based on [3] , an annual variation factor and a directionality reduction factor were obtained and evaluated for relative conservativeness for various durations of operations with differing probability levels. While this approach is beneficial and rigorous, it can potentially add significant computational burden for each riser and wellhead system assessed. Also it is not particularly transparent.
The solution outlined in this paper is conceptually simple. Rather than developing special factors, it is built around keeping the probability of failure below an agreed upon value. For example, if the design is for normal safety class based on the guidance provided in Table 2 , sourced from DNV RP C203, [7] , the probability of failure must be less than 1x10 -4 per year.
The Monte Carlo method is used to determine the probability of failure which is compared with an allowable failure probability. The method is probabilistic in nature and relies upon having a site-specific directional seastate scatter diagram; i.e. knowledge of the probability of occurrence of the seastates in terms of Hs, Tp, and direction. This method is contrasted with the conventional approach. 
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CONVENTIONAL APPROACH FOR DETERMINATION OF LONG-TERM FATIGUE LIFE
In the conventional approach, the fatigue damage rate for each seastate (Hs-Tp-direction combinations) is calculated for every point on the riser based on FEA simulations, typically conducted using irregular waves for 2-3 hours. The long-term fatigue life is accumulated based on the fatigue damage rate for each seastate and factored by the associated seastate probability. To illustrate this better, a step-by-step breakdown of the process is illustrated in Figure 1 . In this approach, the directional variation is accounted for by considering the associated probabilities. The difficulty with using a deterministic solution for fatigue assessment of a short-term future event is that it is necessary to assess for the worst case. When fixed short-term single event fatigue data associated with low failure probabilities is used for temporary events, fixed outcomes are obtained and result in potentially conservative results. The use of long-term seastate probability is also not appropriate in these instances because the result can be under conservative.
MONTE CARLO METHOD FOR FATIGUE LIFE ESTIMATION
A preferred approach is to use a stochastic (probabilistic) approach with variable data leading to variable outcomes as illustrated in Figure 2 . This approach can use the long-term seastates computed to get a more meaningful result.
One such stochastic approach is based on the Monte Carlo method. The Monte Carlo method is a computerized numerical technique to account for risk in quantitative analysis that relies on repeated random samplings to test for all possible outcomes and thereby make a better decision under uncertainty. This approach is especially useful when closed form solutions are not available and/or deterministic solutions are not feasible or too cumbersome for certain classes of mathematical and physical problems. In this paper, the Monte Carlo simulation is used for the generation of draws from a probability distribution. Monte Carlo approaches have been previously used for determining fitness for service of SCRs and flowlines, as demonstrated by Cerkovnik et al, [1] .
Figure 2 -Deterministic vs Stochastic (Probabilistic) Processes
This simulation method is ideal for use in short-term temporary operation scenarios. This approach accounts for variations in the scatter diagram, both due to seasonal and directional considerations.
In this implementation, the seastates (Hs-Tp-direction combination) are arranged in an arbitrary order and the associated probabilities are cumulatively added to obtain levels of non-exceedance. In effect, since the cumulative probabilities sum to 1, each seastate is assigned an address on the number line from 0 to 1. Random numbers are then generated and can be related to a seastate according to that address. Because the random numbers are generated based on a normal scatter diagram, the probability of each seastate is the only influencing factor. If a large number of runs are used, the average results obtained using this method should converge towards the probability-scaled long-term fatigue life.
A step-by-step breakdown of the fatigue damage estimation using the Monte Carlo approach is illustrated in Figure 3 . The process starts by using time domain FEA to run 100 seastates. These seastates are characterized by significant wave height (Hs), peak period (Tp), and direction. Each seastate has a probability of occurrence. The FEA simulation results in stress time traces for each element at 8 points around the circumference. Rainflow counting is used to generate stress range histograms from the time traces. In this case the SN method is used to calculated damage rates by applying appropriate fatigue curves and SCFs (stress concentration factors). In the example illustrated in Figure 3 , this process results in a 500 x 8 x 100 matrix of damage rates; i.e. damage at 8 points around the circumference for each of 500 elements for 100 seastates.
For a 600 hour deployment each hour is assumed to be a "trial". For each trial a seastate is selected. Trial seastates are chosen through a random sampling process based on a uniform distribution. Through this Monte Carlo approach, the long-term probability distribution is sampled and an alternate occurrence distribution is obtained for the 600 trials. Thereby, the fatigue damage at each point (500 x 8) is accumulated over the 600 trials. One set of 600 trials is referred to as a run. Note that fatigue damage rates for the 100 seastates are pre-calculated while results for random sampling of trials and runs are extracted directly from the pre-calculated results. The summation of damage from each of the 10,000 runs, each consisting of 600 trials in this illustration is then reported. Additional statistical processing can then be conducted on the results of these runs as needed. The distribution of accumulated damage for a large number of runs can be associated with the probability of failure. If the process is repeated for 10,000 runs, the associated probability of exceedance of the most damaging run is 1x10 -4 per year (normal safety class). However, to ensure reasonable accuracy, 100,000 runs might be made to check the damage rate that is exceeded once every 10,000 runs. The results of the accumulated fatigue life are organized by the probability of occurrence of each value. From this distribution, the fatigue lives associated with extreme values (2-sigma or 99% nonexceedance) can be obtained and reported.
The process described considers only the variance of the loading. There is also variance in the resistance terms. By resistance we mean the fatigue capacity which depends upon:
In this exercise, the "worst case" SCF is used. The fatigue curve represents the minus two standard deviation curve. These assumptions are conservative.
EXAMPLE RISER SYSTEM DESCRIPTION
An example case is considered based on an actual installed shallow water drilling riser in offshore GoM. A 21 inch drilling riser supported by a MODU is considered as shown in Figure 4 . Analysis of the riser system is performed using global 3-D finite element models with long-term fatigue environmental loads and conducted in FLEXCOM software, [13] . This analysis considers the following:  Riser system with drilling riser pipe, surface stack including wireline tensioner system, telescopic joint and end termination at the drill floor through a diverter housing, subsea stack with LMRP and BOP, and subsea wellhead and conductor system.  Wave loading from seastates, including combinations of wave height and time period and directional loading from head seas, beam seas, quarter aft and quarter bow;  Current loading from background currents for each associated seastate in line with the wave loading;  Soil model from typical GoM location;  Nominal drag and added mass coefficients, with no vortex induced vibration effects.
CASE STUDY RESULTS
The fatigue damage along the riser and conductor system will vary for each seastate. Likewise, the riser damage rates change when the direction of the seastate changes. This change is related to the fact that the vessel motions change as the wave heading changes. These variations are shown in Figure 5 (by seastate, beam sea), Figure 6 (cumulative beam sea, along 8 points around each element's circumference) and Figure 7 (directional loading).
The results reported in Figure 5 reflect the minimum fatigue life obtained around the circumference of each element along the riser length. The results shown in Figure 6 are obtained by scaling the results for each seastate by the probability of occurrence and reported at multiple points around the circumference (1-2-3-4-5-6-7-8 in 45 degree increments clockwise around the circle). The results shown in Figure 7 are the cumulative riser fatigue lives for each loading direction (beam sea, head sea, quarter aft and quarter bow) and are obtained at the point of maximum damage around the circumference. Fatigue life varies with direction of the seastate. The cumulative fatigue lives along the riser due to the seastates for 4 directions are plotted in Figure 7 .which shows the variability with direction of seastate.
An example deployment is considered for a total duration of 10,000 hours. Based on the methodology illustrated, 10,000 seastate trials are used for this deployment. The average fatigue life from the Monte Carlo simulation of 10,000 runs where each run consists of 10,000 trials and that obtained from conventional summation of fatigue life is then compared. This result is shown in Figure 8 for various element numbers along the length of the riser. The results show broadly similar variations in the minimum fatigue life for all cases (see legend) and element numbers. A zoomed in version at the fatigue critical zone is shown in Figure 9 . For the chosen example, the average from the Monte Carlo simulation is close to the deterministic answer as obtained from the probability-scaled fatigue life.
From this result, it is evident that the probability summed fatigue life and the average of the 10,000 run Monte Carlo simulation (with each run consisting of 10,000 trials) results in SS1  SS2  SS3  SS4  SS5  SS6  SS7  SS8  SS9   SS10  SS11  SS12  SS13  SS14  SS15  SS16  SS17  SS18   SS19  SS20  SS21  SS22  SS23  SS24  SS25 1.00E+00 A Monte Carlo simulation is then conducted and the distribution of maximum fatigue damage is calculated for a range of operation time lines and associated to the numbers of trials. The results for each case of Monte Carlo simulation highlighting the maximum fatigue damage and associated probability of occurrence are shown in Figure 10 Based on the results obtained, it is seen that with increasing number of trials, the accumulated fatigue damage increases, the variance of fatigue damage decreases and the ratio of the extreme fatigue damage to the average fatigue damage decreases. Through this simple approach, maximum factored fatigue damage can be calculated accounting for variations due to directional loading and operations of temporary duration. In all instances, the fatigue damage associated with 50% probability of exceedance approaches the associated probability-scaled long-term accumulated fatigue damage.
A summary of the fatigue damage at 50% exceedance, fatigue damage at 99.99% exceedance levels and the ratio of these values for the cases reported in Figure 10 to Figure 14 at the maximum fatigue damage location are listed in Table 4 . Additionally, the maximum element ratio of the fatigue damage for specified extreme value non-exceedance levels (for e.g., 99.99% probability of exceedance) to that for 50% probability of exceedance can then be used to define a factor of safety that when applied to the long-term seastate set would give the same probability of failure. This ratio is summarized in Table 5 , along with the associated probabilities of failure. An illustration of the extreme values at which this ratio can be defined is shown in Figure 15 along with the distribution of fatigue lives and associated probabilities of occurrence. 6.88x10 -6
1.22 <10 -5 10,000 6.52x10 -6 7.74x10 The results obtained indicate that a factor of safety of 1.2 is sufficient for risers in-service longer than 1 year and a factor of safety of 11 will be needed for a 3 day operation, when accounting for only the effects of directionality and duration of These values are significantly different from that recommended by the design codes, which can be 3, 6 or 10 depending on safety class. Additional factors of safety can then be applied on a case-by-case basis. Influence factors due to other sources of variability (soils, water depths) can be included by conducting multiple sets of Monte Carlo simulations, which can then be overlaid to generate a composite simulation result. All these different methods can then be used to account for a cumulative factor of safety and/or probability of failure.
CONCLUSIONS
Some important conclusions arise from the review of the fatigue implications of short-term deployments of risers:
 Insufficient guidance is given in the existing codes for assessment of short-term fatigue.  Use of long-term average seastates for short-term events can be under conservative.  Spreading seastate direction according to long-term averages can be under conservative.  Drilling operations must account for any fatigue loading driven into the tree, wellhead and conductor.  For short-term events the potential variability of the fatigue damage is much higher than for long-term loading.  Fatigue safety factors should be based on an allowable probability of failure, the variability of the loading and fatigue capacity.
A rational approach to determining fatigue life for drilling, completion, workover and intervention risers and wellhead/conductor systems based on Monte Carlo simulations for temporary operations is presented. This approach can be used to identify whether/not to proceed with operations. For example, this approach can identify whether it is preferable to disconnect under extreme wave/current loads.
The benefit of this approach is that it requires minimal additional work and accounts for extreme loads as well as seasonal and directional environment variations. There is no need for multiple approaches or formulations to account for multiple uncertainties due to both seasonal and directional environmental loads. Additionally, factors of safety and failure rates can be determined based on duration of operations.
In the test case considered, it is shown using deterministic analysis that the worst case parameters in conjunction with typical factors of safety 3/6/10 can result in either over conservative or under conservative conclusions depending on the duration of operations. 
NOMENCLATURE
DEFINITIONS
Trial -An experimental state or condition. For the purpose of the sample problem a trial represents a 1 hour event where the seastate is selected randomly according to the probability of the seastates Run/Replicate -The repetition of the set of trials. For the example used, the number of trials in the run is the number of hours of deployment.
